I. INTRODUCTION
The integration of III-V material and devices with a Si substrate through the use of Si 1Àx Ge x compositionally step graded buffers coupled with precise III-V/IV interface nucleation is of great technological promise as this approach has been shown to simultaneously reduce threading dislocation densities to low residual values, eliminate the formation of antiphase domains, and dramatically suppress interface diffusion and autodoping. [1] [2] [3] [4] [5] Based on these initial materials studies, subsequent works established a variety of GaAs/Si devices via SiGe graded layers, 6, 7 which have now been extended to include monolithic integration of more advanced III-V structures on Si that incorporate wider bandgap III-V materials including InGaP/GaAs dual junction solar cells, 8, 9 GaInP LEDs (Ref. 10) , and visible red AlGaInP laser diodes. 11 As the number of applications where InGaP and its alloys are a fundamental part of the system continues to grow, the necessity to understand the impact of electronic defects that may be present within the bandgap of these III-P based materials grown on SiGe accrues, especially given the increased detrimental effect of deep levels within progressively larger bandgap semiconductors. This, coupled with the presence of low, but still residual density of threading dislocations from the SiGe substrates makes knowledge of deep level defects and their distribution critical to advance any device performance and ultimately understand device reliability.
With this as motivation, we investigate the presence and properties of deep levels within n þ p In 0.49 Ga 0.51 P (InGaP) diodes grown on Ge/Si x Ge 1Àx /Si substrates. At this composition disordered InGaP displays a bandgap of $1.9 eV and is nominally lattice matched to both Ge/SiGe/Si (hereafter referred to as SiGe/Si) and GaAs substrates. With the purpose of discerning traps related to growth on the metamorphic SiGe/Si substrate, the signature and concentration of the traps in InGaP structures grown on SiGe/Si were measured and compared to those within identical structures grown on GaAs. Conventional thermal spectroscopy techniques such as deep level transient spectroscopy 12 (DLTS) were employed. In addition, and to circumvent practical experimental limitations inherent to the thermal nature of these techniques (which preclude complete trap spectrum analysis within the totality of the bandgap in wider bandgap materials) we utilize the method of deep level optical spectroscopy (DLOS). 13 DLOS enables detection and analysis of deep levels with energy positions far deeper than can be detected by methods based on thermal stimulation such that, the combination of DLOS and DLTS can reveal trap states throughout the entire bandgap of these relatively wide bandgap materials. DLOS has proven invaluable for similar studies of even wider bandgap materials such as GaN or AlGaN (Refs. 14-18). 
II. EXPERIMENTAL METHODS
In 0.49 Ga 0.51 P diodes having n þ p configuration were grown on SiGe/Si and GaAs substrates by Molecular Beam Epitaxy (MBE) at a substrate temperature of 490 C. Si and Be were used as n-and p-type dopants, respectively. The emitter layer of the diode structures was doped to a concentration of 1 Â10 18 cm
À3
. The base layer was intentionally lightly doped to $5 Â 10 16 cm À3 to improve trap sensitivity. The thicknesses of the emitter and base layer were 0.5 and 2 lm, respectively. This configuration ensured that the depletion region probed by trap characterization methods is well within the p-type base layer. The diodes were capped with a 1 Â 10 19 cm À3 Si-doped 0.1 lm GaAs layer to improve ohmic contact adhesion and resistance. The GaAs cap layer was grown at 560 C. The SiGe/Si substrates consisted of compositionally step-graded Si 1Àx Ge x layers grown by ultra high vacuum chemical vapor deposition on Si wafers offcut 6 from the (100) orientation toward the nearest {111} plane. 19 The final threading dislocation density of the fully relaxed Ge layer on SiGe/Si was $1x10
6 cm À2 as determined by etch pit density and plan view Transmission Electron Microscopy (TEM). Full details of SiGe epitaxy and structural characterization can be found in Ref. 19 . The growth initiation and nucleation conditions used to achieve anti-phase domain free epitaxy on Ge terminated surfaces have been described in detail elsewhere. 5, 7 Identical control structures were grown on (100) GaAs substrates with the same offcut direction and magnitude to assess any role of the SiGe/Si substrate in the introduction of defects. After growth, conventional optical lithography was used to fabricate diode structures. Electron-beam metal evaporation was used to deposit Cr/Au and Ni/Ge/Au to provide p and n ohmic contacts, respectively. The diode structures were mesa isolated by wet chemical etching using HCl:DI solution at a 2:1 concentration, resulting in total diode areas ranging from 0.25 to 4 mm 2 . High quality diodes on both SiGe and GaAs substrates were obtained with this process, as seen by the J-V characteristics in Fig. 1 . The measured reverse current density at 300 K of the InGaP diodes on both the SiGe/Si and GaAs substrates was below our measurement detection limit of 0.1 nA/cm 2 out to a reverse bias of $À2V indicating that the diodes are well-suited for DLTS and DLOS experiments in a reasonable range of bias values. C-V measurements made on both samples confirmed a p-type doping concentration of 5 Â 10 16 cm À3 for the InGaP diode base so that a one sided junction approximation could be used. With this doping value and based on our instrumentation, the trap density detection limit is approximately 1 Â 10 12 cm
. All DLTS measurements were made using a quiescent reverse bias of -2 V. A 10 ms filling pulse to À0.1 V was used to fill traps in the p-type base with holes. The temperature range used for all DLTS measurements was $100 to 400 K. Capacitance transients were obtained using a computer-controlled system including a function generator to provide trap filling, and a Boonton 7200 (1 MHz) capacitance meter along with a digital oscilloscope for averaging and recording the capacitance transient. The stored capacitance transient data as a function of temperature could then be analyzed by any standard method, such as boxcar averaging or more elaborate frequency domain methods.
DLOS measurements were made at 300 K following the approach described in Ref. 13 . Here, the dependence on thermally stimulated emission of carriers from deep levels to observe carrier-detrapping behavior (as is done for conventional DLTS) is replaced by optical stimulation of carriers trapped by bandgap states. The major advantage for characterizing deep level states in this fashion for semiconductors with relatively large bandgaps is that deep states (i.e., those with activation energies > $0.8 eV) including states present in the "minority carrier" half of the bandgap can be easily observed and analyzed. Using a combination of Xe arc and quartz-halogen lamps coupled to a monochromator, a tunable, monochromatic (with a bandpass ranging between 16 and 32 nm, corresponding to an energy resolution between 0.006 and 0.05 eV, depending on the wavelength and the grating used) optical source for direct deep level photo-stimulation is created and, for our setup, states with energies as far as $5.5 eV from any band edge can be observed at room temperature. For InGaP, with its 1.9 eV bandgap, this is important since conventional DLTS can only observe states having energy positions less than approximately 1 eV from a band edge, and typically only the majority carrier band edge, which for our case of p-type material is the valence band edge. This means that midgap traps and those present in the upper half of the p-type InGaP bandgap, which typically would not be observed by DLTS, may now be evident. Since DLOS is performed so that the photo-stimulated carriers are sensed via changes in the depletion capacitance, many of the DLTS-based relationships to ascertain trap concentration remain valid. The primary (but fundamentally significant) difference is that, for DLOS, the optical cross section of a state is analyzed and this must be interpreted in the context of the depletion capacitance.
To perform DLOS measurements on the InGaP diodes, grid-type metal contacts were used and the top cap GaAs layer was etched with a NH 4 OH:H 2 O 2 :DI solution at 2:1:50 so that light could be coupled into the InGaP semiconductor. As in DLTS, a À2 V quiescent reverse bias was used, with a trap filling pulse to À0.1 V for 10 ms. This was followed by a settling time for 30 s in the dark prior to optical excitation as a function of wavelength, which allows "faster" thermal emission transients emanating from relatively shallow traps (if present) to die out, ensuring that the data obtained via DLOS are due to photoexcitation. Note that all measurements reported here were done at 300 K, and this sets a limit on the minimum trap energy that can be seen by DLOS based on thermal emission rates at this temperature (lower measurement temperatures would translate to DLOS being able to sense traps with lower activation energies since the thermal emission rates reduce, but this is accomplished here by DLTS instead). Details on the theory as well as more complete descriptions of DLOS measurements can be found in Refs. 13 through 18.
III. RESULTS AND DISCUSSION
A. DLTS-detected traps in p-type InGaP grown on SiGe/Si and GaAs substrates
Figure 2(a) shows a comparison of typical DLTS spectra obtained for the n þ p InGaP diode structures grown on the SiGe/Si and GaAs substrates, and Table I shows the experimental values of the thermal activation energy, E A (eV), thermal capture cross section r p (cm 2 ) and trap concentration, N T (cm
À3
). As seen, the spectra are quite similar with only one significant majority carrier hole trap detected in both samples located at an energy of E v þ (0.71 6 0.01) eV. As shown in Fig. 2(b) , where the measured Arrhenius plots associated with the E v þ 0.71 eV trap in each type of sample are plotted, the traps appear to be closely matched. This, coupled with the nearly identical concentration of this trap for both sample types, strongly suggests that the physical source for this trap is either a native defect or a common impurity present in the MBE-grown p-type InGaP. Indeed, there have been prior reports of a hole trap having an activation energy in the range of E v þ (0.70 -0.75) eV for Bedoped InGaP using gas source MBE. 20, 21 In addition, traps at E v þ (0.70 -0.73) eV have been found in electron and proton radiated p-type InGaP grown by metal-organic chemical vapor deposition, for which annealing studies attributed the physical origin to vacancies or interstitials.
22-24 While associating the hole trap in this work with these earlier reports is speculative, the fact that this hole trap is widely observed does support the notion that its source is native to the material. Regardless of the physical source for this trap, DLTS reveals that there is no impact on the substitution of metamorphic SiGe/Si for GaAs as the substrate material from the viewpoint of traps that are detectable by DLTS, in spite of the residual density of threading dislocations for the former. Table I . As mentioned above DLTS, being a method based on the analysis of thermally stimulated carrier emission from deep levels, is unable to observe traps with activation energies beyond $1 eV at practical measurement temperatures. For the specific p-type InGaP samples here this means that bandgap states that might exist at energy levels near midgap and higher (closer to E C ) are not detectable by this method. DLOS instead is based on photostimulation; thus, it is only limited by the energy of the incident photons and the optical elements in the experimental apparatus. Figure 3 shows the steady state DLOS (i.e., photocapacitance) spectra obtained at room temperature for the same n þ p InGaP structures grown on both SiGe/Si and GaAs substrates, but now using a grid front contact as described earlier. Onsets in the photocapacitance spectrum are indicative of carrier emission from a deep level to a band, with positive onsets indicating a transition to the majority carrier band, in this case the valence band edge. By illuminating for a sufficiently long time, saturation is reached and the trap concentration is given by the magnitude of the step height in the steady state spectrum for each onset. As seen, three additional bandgap states become immediately apparent that were not detected by DLTS, with onset energies at E v þ 1.18 eV, E v þ 1.36 eV, and E v þ 1.78 eV.
Before continuing with the DLOS analysis, it is important to explain why the E v þ 0.71 eV state detected by DLTS does not appear in the steady state photocapacitance spectrum, even when the optical source should excite this state. This is by design since, as mentioned before, DLOS photoexcitation is performed only after the sample is first held in the dark for 30 Considering a level located at 0.71 eV from the valence band with a thermal capture cross section of 1.5 Â 10 À13 cm 2 the emission time constant at room temperature is 0.1s, meaning that 63.2% of the trapped carriers will have returned to their free state in the valence band after 0.1 s. The 30 s settling time at the 300 K temperature used for DLOS gives ample time for the E v þ 0.71 eV state to emit its trapped holes prior to onset of DLOS excitation, being consistent with the spectra in Fig. 3 . The steady state photocapacitance spectra reveal that the concentration of these heretofore undetectable bandgap states are significantly greater than that of the hole trap found by conventional DLTS. As Table I shows, the total concentration of these DLOS-detected traps for InGaP/GaAs samples is $5.5 Â 10 14 cm
, compared with 2 Â 10 14 cm À3 for the hole trap at E v þ 0.71 eV, meaning that approximately 75% of the total trap density has been revealed by DLOS and had gone undetected by DLTS for p-type InGaP grown on GaAs. The situation is even more severe for the sample grown on SiGe/Si. Here the concentrations of these states are found to be $1.4 Â 10 15 cm
, which is more than 85% of the total trap concentration for these samples. Moreover, the fact that these states are either close to midgap, or reside in the minority band side of the bandgap, suggests that these levels could be serious limiters on minority carrier transport. In particular, these states would be of great importance for III-V photovoltaic applications where InGaP is the most common "top" sub-cell for the multijunction solar cells today and specifically, p-type InGaP is most commonly used as the base layer of these devices, where the majority of photocurrent collection is derived. [25] [26] [27] [28] The DLOS data also provides useful information regarding the impact of substituting the GaAs wafers by SiGe/Si substrates with their low, but not negligible, residual dislocation density. Whereas the DLTS data showed no impact for the dominant trap detected by that method, here there is a marked increase in the concentration of each state detected by DLOS, with the most pronounced (factor of three) increase for the level at E v þ 1.78 eV (the concentrations of the other states increased by a factor of 2 or less). However, just as in the case for DLTS, here we detect no new traps being introduced due to growth on SiGe/Si, only an increase in the concentrations of existing states. This is significant since it implies that the physical sources are native to the InGaP material and are not due to pure dislocation states. One possible explanation for the increase in concentrations is the potential for interactions between dislocations and native point defects present in the "nondislocated" regions of the layer. Dislocations and other extended defects are well known to act as gettering sites for point defects, which can be influenced by local strain fields and by coulombic interactions. [29] [30] [31] Were such interactions to occur, an increase in average point defect density might happen over large areas (such as defined by the diode mesas) with the nondislocated field, where the point defect concentration will be determined by thermodynamic equilibrium arguments and must maintain an equilibrium concentration FIG. 3 . Steady state photocapacitance spectra obtained at 300 K for pInGaP grown on SiGe/Si and GaAs substrates. Three deep levels with photocapacitance onset energies at E v þ 1.18 eV, E v þ 1.36 eV, and E v þ 1.78 eV are observed for both sample types. The band edge is also identified as shown in the figure. (based on the growth conditions and growth phase diagram for InGaP independent of the presence of dislocations) and with local regions of higher concentrations being present at the dislocation cores. An alternative explanation might be the creation of point defects due to dislocation-dislocation interactions in the InGaP material as the dislocations terminated at the Ge surface of the SiGe/Si would now continue to migrate through the InGaP layer to reach the surface of the epitaxial layer. Additional work would be necessary to determine the basic reason for the observed increase, but the fact that the energy spectrum of traps is identical for both substrates demonstrates that the physical sources must be native point defects or common growth impurities, and cannot be due to the insertion of the SiGe/Si substrate.
Determination of the optical cross section associated with each state giving rise to the steady state photocapacitance onsets above, provides more detail on the nature of the physical defect. By measuring and analyzing the time dependence of the photocapacitance transient at each photon energy, the optical cross section for every deep level can be extracted by fitting the shape of the transient to established models, as described in earlier publications. 32, 33 Since the optical cross section is a distinct signature for a specific trap, this enables a path for defect identification. Determination of the optical cross section also allows more precise determination of the DLOS-measured energy levels since local lattice relaxation effects can be taken into account, which are not obvious from the steady state photocapacitance onsets. Two models are important for such fitting. For shallow to moderately deep states, optical cross sections typically follow the following temperature independent relationship:
where r 0 is the optical cross section, hm is the incoming photon energy, and E 0 is the ionization energy. For shallow levels, onsets in the steady state photocapacitance spectrum and energy thresholds (i.e., when hm ¼ E 0 ) tend to coincide, and the steady state onset energies are indeed the true equilibrium energy levels. However, for deeper levels, or when phonons assist in ionization of defects (i.e., local lattice relaxation effects), it is often the case that this simple model breaks down. In this case, the energy spectrum of the optical cross section broadens due to thermal coupling and the steady state onsets will appear at energies hm < E 0 . This effect is accounted for by the Chantre-Vicent-Bois model 13 for which the optical cross section is expressed as:
Here, E 0 is the ionization energy, m is an adjustable mass term that accounts for band intermixing and d FC is the Frank-Condon energy (or shift), which is a measure of the degree of local relaxation the lattice experiences upon capture or emission of a carrier. The value of E 0 and d FC completely identifies the deep level signature, and avoids serious errors that can potentially be made when using the steady-state spectrum alone to identify true energy levels. With previous theoretical considerations in mind, Fig. 4 shows the measured optical cross section data for both the InGaP/SiGe/Si and InGaP/GaAs samples, obtained under several representative time intervals. Because different levels might display different emission time constants (indicative of the different physical nature of the defects), many time intervals throughout the entire photocapacitance transient are acquired and analyzed, revealing the different levels in the bandgap. Figure 4(a) shows the derivative of the photocapacitance transient, which relates proportionally to the optical cross section (see Refs. 14-18), for time intervals (or rate windows) ranging from 0 to 10 s in which both the levels at E V þ 1.18 eV and E V þ 1.36 eV are observed. Figure 4(b) shows the cross section data for the specific rate window of 0-0.3 s. The data in Fig. 4(b) were fit to both models just described showing a close fit for the E v þ 1.36 eV and E v þ 1.78 eV. Similar fitting procedures were performed at different rate windows for both InGaP/SiGe/Si and InGaP/ GaAs samples with none of the states displaying a considerable Frank-Condon shift. Only one state, at E v þ 1.36 eV, displayed a measurable value of $0.03-0.05 eV indicating negligible phonon interaction during the photo-excitation of these defects and negligible local strain surrounding the defects, suggestive that the physical sources for these states are likely to be point defects of InGaP. Table I summarizes the measured trap data and parameters from both DLTS and DLOS for p-type InGaP grown on both substrate types. The diagram of Fig. 5 reveals the general distribution of bandgap states versus energy for p-type InGaP found in this work. As seen, the traps detected by DLOS that went undetected by DLTS are clearly dominant, and these states, due to their position in the bandgap, are likely to be significant factors for minority carrier (electron) transport through trapping and recombination-generation. This is expected to be particularly important for minority carrier devices, such as InGaP solar cells, for which efficient collection of minority carrier electrons is vital. Moreover, these upper bandgap states in the p-type InGaP appear to be more sensitive to the choice of substrate in this study, and the redistribution of their concentrations is depicted by the relative lengths of each line. As seen there is a differential impact of the substrate with respect to trap concentrations detected by DLOS, and the E v þ 1.78 eV level is far more sensitive to the choice of substrate than are the other states. This may give a clue to its physical source, which is a study beyond the scope of this work.
IV. CONCLUSIONS
Defect introduction within n þ p In 0.49 Ga 0.51 P diodes grown on metamorphic SiGe/Si substrates was studied by DLTS and DLOS, which allowed the inspection of the totality of the $1.9 eV InGaP bandgap. Similar studies were performed on identical samples grown on GaAs to assess the role of the residual threading dislocation density in the metamorphic InGaP/SiGe/Si sample. DLTS experiments showed the presence of a majority carrier hole trap at E v þ 0.71 eV within the p-base of both InGaP/SiGe/Si and InGaP/GaAs structures at similar trap concentrations, indicating that the physical source of this level is likely to be an intrinsic or extrinsic defect native to the epitaxial material, and is not related to dislocations. Steady state as well as transient photocapacitance DLOS experiments, revealed the presence of three additional deep levels within the bandgap of both InGaP/SiGe/Si and InGaP/GaAs at E v þ 1.18 eV, E v þ 1.36 eV, and E v þ 1.78 eV, the source of which is again unlikely to be dislocation related since all the levels are present in both samples. The optical cross sections of the levels were extracted and fitted to theoretical models, showing negligible defect-lattice coupling with a maximum d FC of $0.03-0.05 for the E v þ 1.36 eV level. Results also showed that the low threading dislocation density present in the metamorphic structures does affect the trap concentration distribution within the bandgap, indicating the possibility of point defectdislocation interactions in the metamorphic structures. 
